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Statins are considered very effective 
in reducing cardiovascular morbid- 
ity and mortality in high-risk pa- 
tients. However, although adherence to 
statins improves morbidity and mortality 
(1), it remains suboptimal (2). One of the 
most important causes of nonadherence 
is the so-called statin intolerance, mainly 
because of muscle-related symptoms. 
These symptoms most often consist of 
myalgia unaccompanied by significant 
creatine kinase (CK) elevations. Less of- 
ten, myositis (elevated CK >10 times the 
upper limit of normal) or rhabdomyolysis 
(CK level > 10,000 IU/L or accompanied 
by significant elevation in creatinine level) 
develops. 

In randomized controlled trials, the 
incidence of statin myopathy is -1.5- 
5.0% (3). However, this low incidence 
may be misleading for several reasons. 
First, in most studies patients with a his- 
tory of statin intolerance were excluded. 
Other studies had a single-blinded statin 
run-in phase, and patients experiencing 
muscle-related symptoms or CK eleva- 
tions during this phase were excluded. 
Patients who tend to be at risk for devel- 
oping muscle-related symptoms, such as 
women, elderly patients, and patients 
with significant comorbidity, who com- 
prise a large proportion of statin-treated 
patients in real-life settings, are underrep- 
resented in randomized controlled trials. 
Some studies have defined muscle-related 
effects by elevated CK levels only, disre- 
garding myalgia. Last but not least, pa- 
tients enrolled in studies might be 
motivated and so minimize reporting of 
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mild myalgias, thus leading to underesti- 
mation of the magnitude of the problem. 

Data concerning real-life incidence of 
statin-related myopathy are scarce. In the 
Prediction of Muscular Risk in Observa- 
tional Conditions (PRIMO) study (4), 
7,924 patients receiving high-dosage sta- 
tin therapy in an outpatient setting in 
France were asked about muscle-related 
symptoms. Overall, muscular symptoms 
were reported by 10.5% of the patients. A 
weakness of this study is that it lacked a 
comparison/control group not treated 
with statins. In a study of adults aged 
&40 years who participated in National 
Health and Nutrition Examination Survey 
1999-2004, the unadjusted prevalence of 
musculoskeletal pain was significantly 
higher for statin users (23 vs. 18% among 
those not using statins, P = 0.02) (5). After 
confounders were controlled for, among 
those without arthritis statin use was as- 
sociated with a significantly higher prev- 
alence of musculoskeletal pain in any 
region (adjusted prevalence ratios 1.33 
[95% CI 1.06-1.67]). This study high- 
lights the difficulty of relating myalgia to 
statin use in a relatively frequent occur- 
rence of such symptoms in the population. 

This review will deal with the possible 
mechanisms of muscle-related symptoms 
associated with statins and the ways to 
manage them. Other side effects of statins, 
such as hepatotoxicity, hemorrhagic 
stroke, cognitive decline, peripheral neu- 
ropathy, diabetes, insomnia, tendinitis, 
arthralgia, arthritis, cataract, etc., are 
beyond the scope of this review and have 
previously been described (6). Statins can 



produce two distinct forms of myotoxicity: 
toxic and immune mediated. 

TOXIC MYOPATHY-The precise 
mechanisms underlying toxic statin my- 
opathy are unknown, but several hypoth- 
eses have been suggested. These effects 
may be aggravated by conditions that in- 
crease statin blood level, such as concom- 
itant medications interfering with statin 
metabolism via inhibition of CYP3A4, 
CYP2C9, glucuronidation, or other 
processes (7). 

Genetic factors 

In the Study of the Effectiveness of Addi- 
tional Reductions in Cholesterol and 
Homocysteine (SEARCH) study, a genome- 
wide scan yielded a strong association of 
simvastatin-associated myopathy with 
the rs4363656 single nucleotide poly- 
morphism located within SLCOIBI on 
chromosome 12 (8). This association 
was replicated in the Heart Protection 
Study. The odds ratios for the develop- 
ment of simvastatin-induced myopathy 
were 4.5 and 16.9 for heterozygous 
and homozygous C allele transitions at 
this single nucleotide polymorphism. 
SLCOIBI encodes the organic anion- 
transporting polypeptide (OATP)lBl, 
which has been shown to regulate the he- 
patic uptake of statins. Since all statins re- 
quire hepatic transporters for their 
transmembrane flux, it was postulated 
that polymorphisms in this gene would 
affect serum levels of all statins and thus 
the risk for myopathy. However, in one 
relatively small study, SLCOIBI genotypes, 
which were associated with simvastatin- 
induced myopathy in SEARCH, were 
not associated with atorvastatin-induced 
musculoskeletal effects (9). Thus, it seems 
that the importance of the SLCOIBI gen- 
otypes depends on the specific statin used. 
Hydrophilic statins are thought to be ac- 
tively transported into hepatocytes by 
expressing OATP, whereas lipophilic 
statins diffuse nonselectively into extrahe- 
patic tissues such as muscle (10). A recent 
study demonstrated that expression of 
human OATP2B1 in human skeletal 
muscle myoblast cells by adenoviral vectors 
increased intracellular accumulation and 
toxicity of statins in an in vitro model (1 1). 
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In this regard, it is interesting to note 
that in the PRIMO study, the most hydro- 
philic statins (pravastatin and fluvastatin) 
were least likely to cause myalgia, whereas 
simvastatin, the most lipophilic one, was 
most likely to be associated with muscular 
adverse effects (4). Cerivastatin, the most 
lipophilic statin, was removed from the 
market owing to an unacceptably high 
rate of rhabdomyolysis. Details about 
the lipophilicity, potency, metabolism, 
and drug interactions of the various sta- 
tins are provided in Table 1. 

Other genetic factors implicated in 
statin-induced myopathy include sequence 
alterations (polymorphisms or mutations) 
in genes encoding various cytochrome 
P450 isoenzymes, coenzyme Q, myophos- 
phorlyase, carnitine palmitoyl transferase 
2, myoadenylate deaminase, ATP-binding 
cassette sub-family B (MDR/TAP), member 
1 (ABCB1), ATP-binding cassette sub- 
family G member 2 (ABCG2), the efflux 
transporter multidrug resistance protein 
1, and others, although data concerning 
these genes are not as compelling as data 
concerning SLC01B1 (12,13). 

Metabolic effects 

Mitochondrial dysfunction and de- 
pletion of coenzyme Q10. There are 
several reports of statins unmasking a 
previously undiagnosed mitochondrial 
pathology (14). However, in most cases 
no such preexisting pathology exists. 

Muscle biopsies from four patients 
with statin-associated myopathy and nor- 
mal CK levels demonstrated findings 

Table 1 — Selected properties of various statins 



consistent with mitochondrial dysfunc- 
tion, including increased intramuscular 
lipid, diminished cytochrome oxidase 
staining, and ragged red fibers. Three of 
these patients had repeat biopsies per- 
formed after discontinuation of the statin, 
which showed resolution of the pathologic 
abnormalities (15). In another study, sig- 
nificantly decreased mitochondrial DNA 
levels were found in skeletal muscle biop- 
sies taken from patients treated with 80 
mg/day simvastatin for 8 weeks but not in 
those treated with 40 mg/day atorvastatin 
(16). However, another study demon- 
strated that muscle structure was essen- 
tially normal in 14 of 18 patients with 
statin-induced increased CK levels (17). 

Using respiratory exchange ratios 
during exercise as an indirect measure of 
mitochondrial function, several small 
studies have suggested the possibility of 
statin-induced mitochondrial dysfunc- 
tion during exercise (18). Other studies, 
testing mitochondrial function by the ac- 
tivity of complex III of the mitochondrial 
respiratory chain (17) or by directly mea- 
suring concentrations of high-energy 
phosphates (19), found no changes in 
statin-treated patients, suggesting that 
mitochondrial function was not compro- 
mised. These studies were performed at 
rest, however, and may not reflect mito- 
chondrial function during exercise. 

These and other studies have raised 
the concern that statins may also impair 
mitochondrial function in cardiomyo- 
cytes and thus be cardiotoxic. However, 
one study demonstrated a differential 



effect of statins on cardiac and skeletal 
muscle. In human atrial cells, statins 
triggered transcriptional activation of mi- 
tochondrial biogenesis, probably by en- 
hancing antioxidant capacity, whereas in 
skeletal muscle statins induced high ox- 
idative stress responsible for transcrip- 
tional deactivation of mitochondrial 
biogenesis as well as mitochondrial dys- 
function (20). Thus, statins may have 
beneficial effects on cardiomyocytes 
while having a deleterious effect on skel- 
etal muscle. 

If indeed statins cause mitochondrial 
dysfunction, a plausible mediator of this 
effect is CoQIO. CoQIO, or ubiquinone, 
is an end product of the mevalonate 
pathway, which is blocked by statins. 
CoQIO is a component of the mitochon- 
drial electron transport system. It partic- 
ipates in electron transport during 
oxidative phosphorylation in mitochon- 
dria. A reduction in CoQIO could cause 
an abnormal mitochondrial respiratory 
function and result in mitochondrial dys- 
function and myopathy. 

Most studies show that statins lower 
serum CoQIO levels (21). However, since 
CoQIO in the serum is mainly carried by 
lipoproteins, mostly LDL, most of the se- 
rum reduction of CoQIO by statins is 
caused simply by lowering LDL. There 
are few small studies of the effect of statins 
on CoQIO levels in muscle. These studies 
mostly show that statin treatment does 
not appear to reduce intramuscular 
CoQIO concentrations, including in sub- 
jects with symptomatic statin-induced 
myopathy (18). 

Two small studies have tested the 
effect of CoQIO supplementation on 
statin-induced myopathy with conflict- 
ing results. In one study, 44 simvastatin- 
treated patients were randomized to 200 
mg/day CoQIO or placebo for 12 weeks. 
No difference in myalgia score was found 
between the two groups (22). In another 
study, 32 statin-treated patients with myo- 
pathic symptoms were treated with either 
100 mg/day CoQIO or 400 IU/day vitamin 
E. A decrease of 40% in pain severity and 
38% in pain interference with daily activ- 
ities was found in the CoQIO group, while 
there was no difference in the vitamin E 
group (23). 

Lowering of farnesyl pyrophosphate 
and geranylgeranyl pyrophosphate. Far- 
nesyl pyrophosphate and geranylgeranyl 
pyrophosphate are other end products of 
the mevalonate pathway. They normally ac- 
tivate regulatory guanosine 5'-triphosphate- 
binding proteins, which promote cell 
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maintenance and growth and diminish ap- 
optosis. Reduction in their level was sugges- 
ted as another possible mechanism for 
statin-induced myopathy. 

Application of statins to human mus- 
cle cells has been shown to trigger apo- 
ptosis. This effect was not found when 
squalene epoxidase or squalene synthase 
(more downstream steps in cholesterol 
synthesis) were specifically inhibited, 
suggesting that this effect was not the 
result of a reduction in cholesterol con- 
tent but was, rather, the result of the 
reduction in isoprenoid compounds (24). 

In one in vitro study, statins caused 
autophagy in human rhabdomyosarcoma 
A204 cells. This effect paralleled inhibi- 
tion of hydroxymethylglutaryl (HMO- 
Co A reductase and was prevented by 
mevalonate and polyisoprenoid diphos- 
phates, suggesting that statins induce 
autophagy by depleting cellular levels of 
geranylgeranyl diphosphate (25). Again, 
this effect was observed only with lipo- 
philic statins, probably owing to a differ- 
ent transport system as previously 
mentioned. Another study found statin- 
induced morphologic changes and inhi- 
bition of protein synthesis in cultured rat 
skeletal muscle cells that were signifi- 
cantly ameliorated by supplementation 
with farnesol and geranylgeraniol. A 
squalene synthase inhibitor, blocking 
the synthesis of cholesterol but not of 
other end products of the mevalonate 
pathway, had no significant toxic effect, 
thus suggesting that depletion of metab- 
olites of geranylgeranyl pyrophosphate, 
and not inhibition of cholesterol synthesis, 
was the primary cause of statin-induced 
myopathy (26). 

Reduction of cholesterol content of 
skeletal muscle membranes. Cholesterol 
is a key component of the structure and 
function of cell membranes. Statins seem to 
modulate membrane cholesterol in different 
tissues, including skeletal muscle (27). 

Reduction of the cholesterol content of 
skeletal muscle cell membranes might make 
them unstable (28). A change in membrane 
fluidity may affect different ion channels, 
such as sodium, potassium, and chloride 
channels, and thus modify muscle membrane 
excitability. For example, a dose-dependent 
reduction of membrane chloride con- 
ductance was recorded in muscle fibers of 
simvastatin-treated rats. Again, the hydrophilic 
pravastatin had no such effect (29). However, 
since, as previously mentioned, myotoxicity 
does not occur in vitro when cholesterol is 
lowered by inhibiting squalene synthetase, 
this mechanism seems less plausible. 



Impaired calcium signaling. Statins 
may cause myopathy via impairing cal- 
cium signaling. Simvastatin has been 
shown to trigger mitochondrial depolar- 
ization and calcium efflux (through the 
permeability transition pore and sodium- 
calcium exchanger). Statins have been 
shown to trigger a massive calcium release 
from the sarcoplamsic reticulum via rya- 
nodine receptors. In addition, simvastatin 
induced long-lasting fura-2 calcium tran- 
sients in human skeletal muscle that led to 
activation of calpain and caspaces 3 and 9. 
Calcium chelation and ryanodine, via 
inhibition of calcium-induced calcium 
release, have been shown to abrogate 
these effects. This may be caused by 
impairment in the mitochondrial respira- 
tory chain resulting in an inner-membrane 
depolarization and calcium extrusion by 
permeability transient pore and Na7Ca 2+ 
exchanger. These may lead first to an ele- 
vated cytoplasmic calcium concentration 
and consequently to sarcoplasmic reticu- 
lum calcium overload resulting in calcium 
waves (24). 

IMMUNE MYOPATHY 

Inflammatory myopathy 

There are several case reports of induction 
of inflammatory myopathies (i.e., poly- 
myositis and dermatomyositis) by statins 

(30) . These cases are characterized by 
large elevations of CK levels, a myopathic 
pattern on electromyogram, and a muscle 
biopsy showing inflammatory infiltrates. 
Discontinuation of statin therapy and im- 
munosuppressive therapy (e.g., glucocor- 
ticoids) can lead to resolution of the 
myopathy in these patients. Such cases, 
however, are rare, and in most myopa- 
thies there is no evidence of an inflamma- 
tory component. 

Noninflammatory myopathy 

More recently, 25 cases of a histologically 
distinct statin myopathy have been de- 
scribed, in which muscle biopsy demon- 
strated necrotizing myopathy without 
significant inflammation. These cases pre- 
sented with proximal muscle weakness 
and elevated CK levels that persisted 
despite discontinuation of the statin and 
responded to immunosuppressive agents 

(31) . Major histocompatibility complex-I 
staining was upregulated in nonnecrotic 
fibers in eight patients with such necro- 
tizing myopathy (32). It is postulated that 
previously restricted epitopes are exposed 
by statins and this may trigger an autoim- 
mune myopathy. Indeed, there is a report 



of autoantibodies against HMG-CoA 
reductase in patients with this kind of 
myopathy (33). 

CLINICAL IMPLICATIONS FOR 
THE PREVENTION AND 
MANAGEMENT OF STATIN- 
INDUCED MYOPATHY 

Can we identify patients at high risk of 
developing statin-induced myopathy? 

In the PRIMO study, the strongest in- 
dependent risk factor for muscular symp- 
toms in multivariate analysis was a history 
of myopathy while receiving another 
lipid-lowering therapy (odds ratio 
10.12), followed by a personal history 
of unexplained cramps (4. 14), a history of 
CK elevation (2.04), a family history of 
muscular symptoms (1.93) or myalgia 
while receiving lipid-lowering therapy 
(1.89), and untreated hypothyroidism 
(1.71). Interestingly, although depression 
(current or in the past) was not associated 
with a risk of myopathy, the use of 
antidepressant medications was associ- 
ated with a significantly lower prevalence 
of muscular symptoms (0.51) (4). 

Although there was no effect of sex on 
the prevalence of myopathy in the PRIMO 
study, female sex is sometimes 
considered a risk factor (6). Women are 
also considered to be at lower risk of de- 
veloping coronary heart disease, at least 
before menopause. However, all risk- 
assessment models take sex into consid- 
eration, and meta-analyses of statin trials 
show that women derive benefit from 
treatment similar to benefit in men (34). 
Therefore, the same principles regarding 
treatment initiation and management 
should be used in both sexes. 

Other risk factors for developing 
statin-induced myopathy may be old age 
(>80 years), small body frame and frailty, 
multisystem diseases (particularly involv- 
ing the liver, kidney, or both), alcoholism, 
consumption of large quantities of grape- 
fruit juice (>1 quart/day), major surgery 
(in the perioperative period), and exces- 
sive physical activity (6). 

Although the role of the aforemen- 
tioned genetic polymorphisms in predis- 
posing to statin myopathy is a subject of 
interest, at present there are insufficient 
data to warrant pharmacogenetic testing 
of patients to determine such risk (6). 
How do we manage the patient who 
develops myalgia while on statin 
therapy? 

Initial evaluation. When a statin-treated 
patient develops muscle-related symptoms, 
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CK level should be measured to rule out 
rhabdomyolysis (CK levels >10 times the 
upper limit of normal values or elevation 
of serum creatinine levels), which man- 
dates immediate stopping of the statin 
and prompt hydration. In the vast major- 
ity of cases, CK levels will be normal or 
only mildly elevated 

The presence of contributing factors, 
such as strenuous exercise and consump- 
tion of grapefruit juice, should be as- 
sessed. Depending on the statin used, the 
use of medications that inhibit CYP3A4 
(such as azole antifungals, macrolide an- 
tibiotic, fibrates, and calcium channel 
blockers), or CYP2C9 (such as amiodar- 
one) should be ruled out. 

Thyroid function should be assessed, 
as subclinical hypothyroidism may con- 
tribute to statin-associated myopathy. 
Vitamin D deficiency should also be ruled 
out and treated if found, as it may cause 
myalgia. Several small studies have found 
that correction of vitamin D deficiency 
may enable patients with a history of 
statin-associated myopathy to tolerate 
statins (35). 

The importance of lifestyle measures, 
including diet and exercise, should be 
stressed. Adding phytosterols to a heart- 
healthy diet may produce -10% decrease 
in LDL cholesterol (36). Supplements 
such as CoQIO, vitamin E, and magne- 
sium are often tried, but as previously 
mentioned, there are very little data to 
support their use. 

Statin-based approaches. Since statins 
are the only agents with a robust body 
of evidence proving reduction in clinical 
end points, every effort should be made to 
keep high-risk patients on a statin-based 
regimen. 

Switching statins may be efficacious. 
In one small study, 43% of 37 patients 
who received another statin after an epi- 
sode of statin-associated myopathy toler- 
ated other statins without recurrent 
symptoms (37). Considering the results 
of the PRIMO study, the use of statins 
associated with a lower risk of myopathy, 
such as fluvastatin or pravastatin, may be 
considered (4), although these statins 
may not be potent enough if a large re- 
duction of LDL cholesterol is needed to 
reach target values. In one study, 80 mg 
fluvastatin XL daily (as a slow-release 
preparation) was tolerated in 97% of pa- 
tients with prior statin intolerance owing 
to muscle-related symptoms, and LDL 
cholesterol was reduced by 32.8% (38). 

Another approach evaluated in sev- 
eral studies involves the use of long-acting 



statins, mainly rosuvastatin, in low doses 
or at a reduced frequency (1-3 times a 
week). For example, in a retrospective anal- 
ysis of 5 1 patients with a statin, alternate- 
day rosuvastatin at a mean dose of 5.6 mg 
was tolerated in 72.5% of patients, with an 
LDL cholesterol reduction of 34.5% (39). 
Nonstatin medications. When no statin is 
tolerated or the maximal tolerable dose of 
statins fails to reduce LDL cholesterol to 
target levels, nonstatin therapies should be 
used. 

The most commonly used drug is 
ezetimibe. Ezetimibe as monotherapy or 
added to 80 mg fluvastatin XL daily in 
patients with prior statin intolerance was 
well tolerated and produced a 15% re- 
duction in LDL cholesterol (38). It should 
be noted that currently there are no 



studies that demonstrate ezetimibe's effi- 
cacy in reducing cardiovascular morbid- 
ity and mortality. 

Another option to reduce cholesterol 
absorption is the use of bile acid seques- 
trants (BAS), which were proven to re- 
duce cardiovascular events in the Lipid 
Research Clinics Study Coronary Primary 
Prevention Trial (LRC-CPPT) (40). BAS 
can be combined with ezetimibe to 
produce a greater reduction in LDL cho- 
lesterol (41). The use of BAS is associated 
with a high rate of gastrointestinal side 
effects, leading to discontinuation rates 
as high as 40-60%. Colesevelam has a 
better side effects profile and may lead 
to better patient compliance (42). 

Niacin at daily doses from 500 to 
2,000 mg lowers LDL cholesterol by 
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mg every other day) 
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Figure 1 — Proposed algorithm for the management of statin-associated myopathy. ULN, upper 
limit of normal. 
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-20%. Given as monotherapy in the 
Coronary Drug Project study, niacin re- 
duced cardiovascular morbidity and mor- 
tality (43). Niacin can also be used in 
combination with BAS and ezetimibe in 
statin-intolerant patients requiring a large 
reduction in LDL cholesterol (42). The 
use of niacin is limited by its side effects, 
mainly flushing, which can lead to the 
drug being discontinued in up to 25% 
of patients (44). 

In extreme cases, when both cardio- 
vascular risk and LDL cholesterol are high 
despite maximal tolerable drug therapy, 
LDL apheresis can be used (45). A pro- 
posed algorithm for the management of a 
statin-intolerant patient is provided in 
Fig. 1. 

CONCLUSIONS— The exact cause of 
statin-induced myopathy remains elu- 
sive. This effect seems to be multifactorial, 
yet some conclusions can be drawn. First, 
myopathy is dose related, and conditions 
that increase serum (and possibly muscle) 
levels of statins, such as concomitant 
medications, comorbidity (i.e., hypothy- 
roidism), smaller body size, female sex, 
old age, Asian ethnicity, etc., are associ- 
ated with a greater incidence of myopa- 
thy. Second, myopathy seems to be 
directly caused by inhibition of HMG- 
CoA reductase. Third, myopathy is prob- 
ably related not to cholesterol reduction 
but, rather, to the inhibition of the pro- 
duction of other end products of the 
mevalonate pathway, such as ubiquinone 
and other isoprenoids. Lapaquistat, a 
squalene synthase inhibitor, whose de- 
velopment was halted at an advanced 
stage as a result of potential hepatic safety 
issues, was associated with a very low 
frequency of muscular adverse events in 
>6,000 patients in phase 2 and 3 trials 
(46). Fourth, lipophilic statins are more 
prone to cause myopathy than hydro- 
philic ones, probably owing to different 
transport systems leading to greater intra- 
muscular concentrations of the former. 
Finally, there seems to be a genetic sus- 
ceptibility to statin-induced myopathy. 
Further studies may help us identify pa- 
tients at increased risk of myopathy and 
enable better tailoring of lipid-modifying 
therapy. 

In statin-intolerant patients at high 
risk of cardiovascular events, all efforts 
should be made to reduce LDL choles- 
terol to as close as possible to target levels, 
using lifestyle measures and combina- 
tions of nonstatin drugs. Newer therapies 
currently under development, such as 



mipomersen (an antisense inhibitor of 
apolipoprotein B), lomitapide (a micro- 
somal transfer protein inhibitor), and 
proprotein convertase subtilisin/kexin 
(PCSK) 9 inhibitors, may prove useful in 
statin-intolerant patients. 
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